Abstract -In conventional LCDs, the backlight is set to maximum luminance regardless of the image. For dark scenes, this approach causes light leakage and power waste. Especially, light leakage in dark scenes degrades the contrast ratio of LCDs; to circumvent this problem, local-dimming systems have been proposed. In these systems, the LED backlight is divided into several local blocks and the backlight luminance of each local block is controlled individually, and pixel values are adjusted simultaneously according to the luminance profile of the dimmed backlight. In this paper, a method of determining the LED backlight luminance of each local block depending on the image is proposed; this method significantly improves the image quality of LCDs. First, we introduce methods of quantifying light-leakage at dark gray levels and clipping at bright gray levels. Then, the proposed method to determine the dimming duty, which controls the LED backlight luminance by compromising between these two measures, was derived. The proposed algorithm preserves the original image with little clipping distortion and effectively reduces light leakage.
Introduction
The liquid-crystal display (LCD) is the most popular display device in the flat-panel-display marketplace due to its excellent performance. However, conventional LCDs have serious light leakage of the liquid-crystal (LC) because the LC cannot completely obstruct the backlight luminance when the LC is fully closed to display black pixels. 1 In addition, the backlight of conventional LCDs is always at maximum luminance regardless of the image even when displaying a dark image. Consequently, dark regions of images do not look dark enough and true black cannot be realized. This problem causes a low contrast ratio and unnecessary power consumption. 2 To reduce the light-leakage problem, two types of modifications have been proposed. One is to improve the structure of the LC to reduce the transmittance of the LC at low gray levels. However, using this method alone is not sufficient to increase contrast ratio. The other modification is to dim the backlight when displaying dark scenes. These dimming techniques can be categorized into three classes: global dimming, line dimming, and block dimming. First, global-dimming methods were proposed. [3] [4] [5] [6] [7] [8] These methods consider the image, then dim all backlight luminance uniformly by an appropriate factor k and enhance the transmittance of the LC by 1/k. However, because bright regions and dark regions occur together in the image, global dimming methods do not reduce light leakage effectively to preserve bright regions.
As an alternative, several local (line or block) dimming methods have been proposed, which divide the backlight into several local blocks, then dim the backlight individually in these blocks. [9] [10] [11] [12] [13] [14] [15] [16] When LCDs were first developed, line fluorescent lamps were generally used as LCD backlights, so line dimming methods were proposed. 9, 10 Recently, due to the development of light-emitting-diode (LED) backlights, block-dimming methods have received more attention. For local block dimming, the backlights are generally grouped into rectangular blocks and the image is divided into non-overlapping regions corresponding to the backlight blocks, shown in Fig. 1 . Thus, the luminance of backlight blocks can be dimmed independently according to the local image. [11] [12] [13] [14] [15] [16] Therefore, because LED backlights are dimmed only in dark regions, the contrast ratio increases and power consumption decreases. In addition, pixel values are adjusted locally according to the backlight luminance, so pixel luminance is preserved. However, by dimming the backlight to reduce light leakage, the maximum luminance for the brightest pixel is decreased, which causes the clipping problem at bright gray levels after pixel compensation. Therefore, in backlight local dimming, it is important to determine the backlight luminance of each local block to improve the quality of LCDs when bright regions and the dark regions occur in the same block.
In this paper, we propose a novel local LED-backlight block-dimming algorithm to determine the backlight luminance in each local block. This algorithm considers both light leakage and clipping of local block images. We first define a light-leakage measure and a clipping measure. The proposed algorithm determines backlight luminance of each local block using a decision rule that determines optimal backlight luminance by comparing these measures. The proposed algorithm reduces the light-leakage effectively in dark regions with little clipping in bright regions. This paper is organized as follows. Section 2 introduces previous backlight local-dimming methods and the characteristics of LCDs. Section 3 presents the proposed algorithm. Section 4 contains experimental results and Sec. 5 presents conclusions.
Background

Previous work
The critical problem of local dimming is how to choose the luminance of each LED local block according to the image. The simplest method is the Average method, 14 which determines the LED luminance based on the average gray level of each image block. This method has the disadvantage that it may decrease the brightness and lose information in bright regions. Another method is the Max method, 17 which sets the LED luminance of each block to the maximal gray level of each image block. The Max method has the disadvantages that it is very sensitive to noise and that it wastes power; it also suffers from the light-leakage problem.
Therefore, a method is required that achieves a trade-off between the Average and the Max methods.
For that reason, histogram-based backlight-dimming methods [9] [10] [11] were proposed. In Ref. 9 , when the dimming duty d is determined, the inverse of the cumulative distribution function of the entire image is used; this approach considers the characteristics of the entire image. In Ref. 10 , the histogram is used to determine the total error caused by dimming the backlight, and the value of d that minimizes the total error. In Ref. 11, the major gray levels, small bright objects, and noise pixels of each image block can be balanced when determining the LED-backlight luminance.
In this paper, we define a light-leakage measure and a clipping measure for each local block based on the histogram. Unlike the conventional histogram-based dimming methods, the proposed backlight-dimming algorithm balances the two measures by considering the correlation of inter-blocks.
LCD characteristics
Generally, the luminance of a pixel is determined by the product of the LC transmittance and the backlight luminance, as shown in Fig. 2 . Furthermore, the pixel luminance of LCDs should be set such that luminance of all gray levels meet the ideal gamma characteristics, which are represented by the dashed line in Fig. 3 . The ideal pixel luminance Y ideal (g) is defined as
The structures of the LED backlight unit and liquid-crystal cells for local block dimming. where g is a gray level and γ is an ideal target gamma. However, LCs cause light leakage at low gray levels, so that conventional LCDs fail to meet the ideal gamma characteristics at low gray levels, which is presented by the solid line in Fig. 3 . Let us denote the real measured pixel luminance of LCDs as Y real (g), which is given by
where k(g) is the amount of light leakage at low gray levels. In practice, k(g) is calculated by the difference between the measured Y real (g) and the ideal target Y ideal (g) as follows:
where max(A, B) means that the larger one between A and B is taken. To reduce the light leakage, the backlight should be dimmed for blocks that have many low gray levels. However, as the backlight is dimmed, the pixel luminance is also reduced for all gray levels. For LED backlights, the backlight luminance is controlled by a dimming duty d, which is an integer between 0 (black) and 255 (white). Thus, the effect of d on Y real (g) should be investigated in detail. To investigate the relationship between d and Y real (g), an experiment was conducted in which all pixels were set to the same gray level (i.e., 127, 223, or 255), and d was varied from 0 to 255. Then, the pixel luminance was measured in the fixed block. In Fig. 4 , the pixel luminance Y(g, d) after dimming backlight is experimentally given by (4) As a result, if backlight-dimming algorithms reduce d to eliminate light leakage, they also reduce Y(g,d) for each gray level, as shown in Fig. 5(a) . To compensate for the reduced luminance, gray levels should be adjusted using pixel compensation. 15 The gray level g is enhanced by the compensation factor C(d) as follows:
where for Proposed algorithm
Proposed dimming duty decision rule
The major goal of dimming the backlight is to reduce light leakage and thereby increase the contrast ratio. However, clipping should not degrade the quality of the image. For this reason, the algorithm should simultaneously consider
255 255 real FIGURE 4 -The relationship between pixel luminance and dimming duty.
FIGURE 5 -The results of dimming the backlight: (a) As a result of dimming the backlight, pixel luminance is reduced for all gray levels. (b) Some high gray levels cannot be compensated due to reduced luminance.
artifacts caused by light leakage and clipping. To consider the effect of these artifacts, we define an error as the difference between the ideal target luminance and the pixel-compensated luminance after dimming. Generally, subjective brightness, which is the intensity as perceived by the human visual system, is a logarithmic function of light intensity. 18 Thus, two distortion measures based on subjective brightness are necessary. Because the backlight is divided into i rows and j columns of blocks, these measures must be determined separately for each block. The inverse gamma function is applied when luminance is converted to subjective brightness, so the subjective brightness error e c (g, d i,j ) caused by clipping is given by (7) where d i,j is the dimming duty of the block in row i and column j. The clipping measure should consider both the distortion area and the quantity of the subjective brightness error. Therefore, the clipping measure D c (i, j) is given by (8) where n i, j (g) is the number of pixels that have gray level g in the (i, j)-th block. Also, the light-leakage measure D l (i, j) is given by 
where α i,j is a weight parameter for the block in row i and column j. α i,j controls the relative importance of clipping and light leakage according to the image. The value of d that satisfies Eq. (11) can reduce the light leakage, thus minimizing the number of significant artifacts at high gray levels.
Determining the weight parameter
The critical problem of the dimming duty decision rule is how to choose the value of α i,j of each block according to the image. For a given α i,j , as a dark region of a block becomes wider, the dimming duty of the block decreases according to Eq. (11) . However, when we consider the scene of a dark sky with some bright stars, if the backlight luminance is too small due to a broad dark region, then the bright stars may look dim. Therefore, if a very dark region includes bright objects, backlight luminance is increased to preserve the brightness of objects in this region. Generally, we assume that the bright objects in a dark region have the maximum pixel value in the block. Therefore, if maximum luminance of a block is bright and an average luminance of adjacent blocks is dark, then α i,j must be increased to prevent clipping and preserve details since the diffusion of light by backlight of adjacent blocks is insufficient. Otherwise, α i,j must be decreased to prevent light leakage and increase contrast ratio. By this logic, α i,j should be proportional to a ratio of an average pixel value of adjacent blocks to the maximal pixel value of a current block. Assuming that adjacent blocks are in the M × M macro block centering around the current (i, j)-th block, as shown in Fig. 6 , then α i,j is given by (12) where APL(i, j) is the average of all pixel values, MAX(i, j) is the maximum of all pixel values in the block in row i and column j and M is the size of the macro block.
Investigation on the proposed algorithm
In some cases, the proposed algorithm may require many iterations to find
, ,
, , complexity of the proposed algorithm increases as the number of iterations increases. Thus, we present an effective method to find d i,j o . Figure 7 shows the effective method. The proposed method is presented in six steps for the block in row i and column j as follows:
Step 1: initialize d max = 255, d min = 0, and
Step 2: calculate α i,j .
Step 3:
Step 6: repeat step 3 -step 5 until d max -d min = 1. where ⎡⋅⎤ represents rounding off to the nearest integer.
Experimental results
The proposed algorithm was implemented in a full-HD 47-in. LCD TV equipped with white LED backlights, which are grouped into 16 columns of eight blocks. To verify the proposed algorithm's performance, three methods are compared in the LCD panel, such as the Average method, the Max method, and the proposed method. After dimming the backlight using the three methods, the pixel compensation proposed by Ref. 16 was executed, as shown in Fig. 8 . In addition, the size of macro block M and the ideal gamma γ were set to 3 and 2.2, respectively. Figure 9 shows the experimental results to compare the light leakage and details in the dark region of the three methods. The light leakage can plainly be recognized when any backlight local dimming is not applied in Fig. 9(a) . In  Fig 9(b) , the Average method can reduce light leakage effectively because of the reduced backlight luminance, but details in dark regions are almost lost. In Fig 9(c) , the Max method retains the details, but does not effectively reduce light leakage that occurs due to the bright backlight. On the other hand, the proposed algorithm preserves most image details in dark regions and reduces light leakage significantly, as shown in Fig. 9(d) . Figure 10 shows values of d, which were determined by the three methods in six blocks that form a part of the test image shown in Fig. 9 . The values of d generated by the proposed method were lower than those of both the Max method and the Average method in most regions, but were sufficiently large to minimize clipping distortion when bright objects exist in dark regions.
The power consumption of the proposed algorithm and the conventional algorithms are demonstrated in Fig. 11 . As can be seen in Fig. 11 , the power consumption rate of the proposed algorithm is almost half that of the Max method without loss in brightness. Because the power consumption rate depends on the image contents, the power consumption rate of the proposed algorithm is between that of the Max method and that of the Average method.
Conclusions
We have presented a noble method of determining the dimming duty of each local block by using the proposed decision rule. The proposed decision rule searches the optimal dimming duty through the comparison between the light-leakage measure and the clipping measure. Two measures have been introduced to reflect the magnitude and occurrence of subjective brightness error. Compared with conventional methods, the proposed algorithm preserves the original image with little clipping distortion and reduces light leakage effectively, so the contrast ratio is improved. In addition, power consumption is reduced due to the reduction of dimming duty. FIGURE 11 -The average power consumption rates deduced from average dimming duties determined by the Average method, the Max method, and the proposed method.
